Experience dependent plasticity
Unlike other sensory systems, auditory space is not mapped in the sensory papilla. Thus, representations of auditory space are the result of neuronal computations that takes place along the ascending auditory system. Different direction-dependent features of the auditory stimuli are extracted along the pathway such that auditory receptive fields corresponding to specific locations of the sound source emerge in neurons in the external nucleus of the IC. The existence of these neurons was predicted in the barn owl by behavioral data using auditory orienting behavior as an assay for sound localization. Owls placed in a dark chamber and presented with relevant stimuli originating from different points in space, will either fly towards the sound source or direct their gaze towards it (head saccade).
The association of specific values of auditory cues with appropriate locations in space occurs during the first two months of the barn owls life. Plasticity in the system is influenced by the age of the owl, but the definition of critical period may be less strict than originally thought. The lengths of sensitive and critical periods are influenced by the environmental richness as well as by doing the changes in smaller steps in adult birds rather than all at once. Learning modifies the tuning to sound localization cues in both barn owls and ferrets. In both cases visual signals shape the development of the auditory space map in the midbrain. Vision is reliable, because the visual map is a projection of the retinal map, while the auditory map is computed from binaural cues (Konishi 1986). Furthermore, visual calibration ensures that the neural representations of both sensory modalities share the same topographic organization (King 2002) .
Visual calibration of the auditory space map has been carefully examined in barn owls. Barn owls have frontal eyes that do not move. Therefore, when a sound source is centered in the auditory system, it is also centered in the visual system. Thus, visual cues can be used during development to calibrate the emergence of auditory space specific response so that they are in register with those in the visual field. Studies of how the visual system directs auditory space map formation have become a model for studies of instructive learning (Knudsen 2002).
Anatomical and physiological substrates of sound localizing behavior
Barn owls can localize sounds to about 3° in both azimuth and elevation (Bala, Spitzer, and Takahashi 2003; Knudsen, Blasdel, and Konishi 1979a) . This accuracy has made the barn owl a model for studies of sound localization (Makous and Middlebrooks 1990); Knudsen, 1999 #307] . Barn owl sound localization has also become a model for studies of how experience drives plasticity, because modifying the owls' sensory experience reorganizes the map (Knudsen 2002). We will first review the neural substrates for sound localization, then discuss studies of experience dependent plasticity.
Behavioral tests make use of the owl's natural head saccade to center the target in its visual field (Knudsen, Blasdel, and Konishi 1979a) . The dominant cues used for localizing sounds are binaural differences in the timing and level of sound at the two ears, referred to as interaural time difference (ITD) and interaural level difference (ILD), respectively (Fig. 5) . ITDs result primarily from the separation between the ears. Sounds originating from the left reach the left ear first, whereas sounds originating from the right reach the right ear first so that ITDs vary primarily with the horizontal (azimuthal) position of the stimulus. In the midbrain, ITDs are associated with appropriate locations in space (Brainard and Knudsen 1993; Olsen, Knudsen, and Esterly 1989) . ILDs result primarily from the acoustic collecting effects of the external ears or pinnae and the obstructing effect of the head on sounds propagating to the far ear. For birds with symmetrical ears, ILDs vary mainly with the azimuth of the stimulus (Volman and Konishi 1989) . For animals with asymmetrical external ears, such as barn owls, ILDs at high frequencies vary also with the elevation of the stimulus, because they are efficiently collected by the external ears (Fig. 5) . Encoded values of ILD become associated with appropriate locations in space in the midbrain (Brainard, Knudsen, and Esterly 1992; Mogdans and Knudsen 1994b).
Tuning to interaural time differences
ITD is the principal cue for auditory azimuth representation in birds (Moiseff and Konishi 1981b) . The auditory system first computes ITD in the nucleus laminaris (Carr and Konishi 1990) . There are two stages to ITD computation. First, laminaris neurons act as coincidence detectors to encode interaural phase difference, firing maximally when simultaneously stimulated by inputs from both ears (Carr and Konishi 1990) . In this first stage, ambiguities exist with respect to the correspondence between the response in NL and the actual ITD in auditory space. The second stage of ITD computation occurs in the IC, where across-frequency integration filters phase-ambiguous side peaks, forming neurons that respond mainly to the true ITD (Pena and Konishi 2000; Takahashi and Konishi 1986b) .
The computation of ITD in the IC begins in the ICCc. In the owl and probably in the chicken, the core contains sharply frequency tuned ITD sensitive neurons with primary-like response types and similar responses to noise and tones (Coles and Aitkin 1979; Wagner, Takahashi, and Konishi 1987b) . The ICCc is best described as a matrix in which preferred interaural phase difference and frequency covary, so that a single ITD activates all constituent neurons in a set (Wagner, Takahashi, and Konishi 1987a) . Thus, an ITD is conserved in a population of neurons, not in any single cell (Wagner, Takahashi, and Konishi 1987b) . Each array projects to ITD and ILD-sensitive neurons in the contralateral lateral shell. These, in turn, project to space-specific neurons in the contralateral ICX, endowing the space-specific neuron with ITD selectivity and, therefore, azimuth cosing (Mazer 1997). Ensembles representing ITDs corresponding to the ipsi-and contralateral auditory hemifields are found in the core and lateral shell of the IC, respectively. The lateral shell receives its representation of the contralateral hemifield from the opposite ICCc (Takahashi, Wagner, and Konishi 1989). The projection from the lateral shell to the ipsilateral ICX forms a map of contralateral space.
Tuning to level and interaural level difference (ILD) processing
In the barn owl, the vertical asymmetry in ear directionality makes ILD a cue for the vertical coordinate of a target at high frequencies ( 
The map of auditory space in the external nucleus
The ICX space specific neurons respond to sound only from a particular spatial locus (Knudsen and Konishi 1978a; Knudsen and Knudsen 1983; Takahashi and Konishi 1986a) . The neurons are selective for combinations of ITD and ILD. Driven by noise, they do not show phase ambiguity, and thus differ from the ICCc ITD sensitive cells from which they receive their input (Peña and Konishi 2000). The phase-unambiguous response of space-specific neurons has been explained as follows: They receive inputs via the lateral shell from many ICCc isofrequency laminae (Knudsen 1983), presumably from the ITD-specific arrays (Wagner, Takahashi, and Konishi 1987a). These inputs interact at the postsynaptic cell, so that peaks signaling the correct ITD superimpose and add, while secondary, ambiguous peaks cancel by interacting with inhibitory sidebands from other or ambiguous frequencies (Takahashi and Konishi 1986a).
The spatially restricted ICX receptive fields are still much larger than the minimum detectable change in sound source location, which can be as small as 3° (Bala and Takahashi 2000) . Comparisons of neuronal activity in the space map with perceptual acuity show that most neurons can reliably signal changes in source location that are smaller than the behavioral threshold. Each source is represented in the space map by a focus of activity in a population of neurons, and source displacement changes the pattern of activity in this population (Bala, Spitzer, and Takahashi 2003) . This map of contralateral auditory space projects topographically to the OT, whose maps of visual and auditory space are in register (Fig.  7 ) (Knudsen and Knudsen 1983) . Tectal activity directs the rapid head movements made by the owl to auditory and visual stimuli (du Lac and Knudsen 1990).
Experience dependent calibration of sound localization
The map of auditory space has become a model for studies of experience dependent plasticity (Knudsen 2002). Manipulation of the owls' sensory experience reorganizes the map in a manner congruent with behavioral learning. The barn owl's accurate auditory orienting behavior measures adaptive adjustment of sound localization after changes in sensory experience, such as disrupting auditory cue values with spatial loci by plugging an ear [Knudsen, 1984 #353; (Knudsen, Blasdel, and Konishi 1979b; Knudsen, Esterly, and Knudsen 1984; Knudsen 1999) . Owls with earplugs first err in localizing sounds towards the open ear, then recover accurate orientation. Upon earplug removal, the owls make orienting errors in the opposite direction, but these soon disappear with normal experience. Thus, earplugs induce new associations between auditory cues and spatial locations. A second manipulation rearranges the correspondence between visual field and auditory cues by fitting owls with prismatic spectacles to displace the visual field (Brainard and Knudsen 1998). Owls with prisms learn new associations between auditory and visual cues to recalibrate their auditory and visual worlds.
In the optic tectum, bimodal neurons are driven by visual and auditory stimuli and the functional determination of a neuron's location in the tectum is made accurately with reference to the visual receptive field, which is unaltered. Adaptive changes are centered in the ICX, and depend on changes in axonal projections and adjustments in synaptic strength (Gold and Knudsen 2000; Knudsen 2002) . In young owls that have experienced either abnormal hearing or prismatic displacement of the visual field, neural tuning of neurons in ICX to sound localization cues is altered adaptively to coordinate the auditory receptive field and the visual receptive field (Brainard and Knudsen 1993). Gradually, these 'learned responses' strengthen, while those to the prior ITD range, termed 'normal responses', disappear over time.
Work from the Knudsen lab has identified 3 mechanisms to mediate this plasticity: axonal remodeling, NMDA receptor expression and GABA receptor changes (Knudsen 2002). Receptive field changes are correlated with axonal remodeling of the topographic projection from the ICC to the ICX. Prism experience appears to induce the formation of learned circuitry in the ICX at least in part through axonal sprouting and synaptogenesis (Fig. 7) . Normal circuitry also persists, showing that alternative learned and normal circuits can coexist in this network. Both NMDA and GABA receptor changes also appear to mediate plastic changes. NMDA receptors are crucial in the expression of newly learned responses (Feldman and Knudsen 1994) . GABA receptors also contribute to functional plasticity. In an ICX that is expressing a maximally A shifted ITD map, focal application of a GABA antagonist elicited the immediate appearance of normal responses. Thus, in a shifted ITD map, synapses that support normal responses remain patent and coexist with synapses that support learned responses, but responses to the normal synapses are selectively nullified by GABAergic inhibition (Zheng and Knudsen 1999).
The visual instructive signal
Changes in the ICX space map are directed by a visual instructive signal of tectal origin. The dominance of visual input is plausible, in that the pathway's primary function is to initiate gaze towards auditory targets (Knudsen, Knudsen, and Masino 1993; Wagner 1993) . The dominant instructive signal that shapes the auditory space map is a topographic template of visual space. The power and precision of the instructive signal is shown when a small lesion placed in the tectum eliminates adaptive plasticity in the corresponding portion of the auditory space map in the ICX, while the rest of the auditory map continues to shift adaptively in response to experience (Hyde and Knudsen 2002) .
Evidence that vision guides the formation of the space map is three fold. First, owls raised blind end up with auditory space maps that are not normal (Knudsen and Brainard 1995) . Second, erroneous visual signals shift the space map (Knudsen and Brainard 1991), and third there is a projection from the tectum to the space map. The brain can generate an auditory space map without vision, but the normal precision and topography of the map depend on visual experience. Not only does vision guide map formation, but vision wins when there is a mismatch between visual and auditory cues. In a classic experiment, Knudsen and Brainard (Knudsen and Brainard 1991) raised young owls with displacing prisms mounted in spectacle frames in front of the eyes. The prisms provided erroneous visual signals that caused the perfectly good auditory map to shift. Thus vision exerts an overriding influence on auditory map organization.
Because visual experience calibrates the auditory space map, there must be an instructive signal from the visual system. Recent reports have demonstrated a point-to-point feedback projection from the optic tectum to the auditory space map in the external nucleus (Hyde and Knudsen 2001; Luksch, Gauger, and Wagner 2000) . This projection forms even before owls hatch, and the projecting neurons have dendrites that extend into the superficial tectal layers, which receive direct input from the retina, and others that extend into the deep tectal layers, which receive feedfoward auditory input from the auditory space map, and visual input from the forebrain. The dominant instructive signal that shapes the auditory space map is a topographic template of visual space. The power and precision of the instructive signal is shown when a small lesion placed in the tectum eliminates adaptive plasticity in the corresponding portion of the auditory space map in the ICX, while the rest of the auditory map continues to shift adaptively in response to experience (Hyde and Knudsen 2002) .
Despite the demonstrated existence of a projection from tectum to space map, it proved difficult to unmask physiologically. Strong visual responses, appropriate to guide auditory plasticity, only appear in the ICX when inhibition is blocked in the optic tectum (Gutfreund, Zheng, and Knudsen 2002). How could an instructive signal act? Visual activity would not excite ICX neurons if they have just been activated strongly by an auditory stimulus. Thus, the visual activity arising from a bimodal stimulus does not interfere with auditory processing as long as sound localization cues are represented correctly in the space map. If the visual and auditory maps in the ICX were misaligned, visual activity from bimodal stimuli could excite ICX neurons. This excitation could cause strengthening of auditory inputs that were active in the recent past and thereby adjust the representation of auditory localization cues in the ICX to match the visual representation of space. Since the instructive visual signals are normally gated off in anesthetized owls, Gutfreund and Knudsen suggest that cognitive and/or attentional processes may control the gate (Gutfreund, Zheng, and Knudsen 2002).
Plasticity in other auditory pathways
In the barn owl's forebrain localization pathway, cue information is combined across frequency channels beyond the level of the primary auditory field to create clustered representations of space (Cohen and Knudsen 1999) . Both auditory and visual manipulations cause adaptive changes in the tuning of these forebrain neurons to sound localization cues (Miller and Knudsen 2001) . This plasticity emerges in parallel with that observed in the space map and does not derive from it (Cohen, Miller, and Knudsen 1998) .
Recent work has also revealed plasticity in the auditory thalamus of juvenile barn owls (Miller and Knudsen 2003) . Juvenile barn owls that experience chronic abnormal ITD cues exhibited adaptive, frequency-dependent shifts in the tuning of thalamic neurons to ITD (Miller and Knudsen 2003) . Abnormal hearing did not alter ITD tuning in the central nucleus of the IC, the primary source of input to the auditory thalamus. Therefore, the thalamus is the earliest stage in the forebrain pathway in which this plasticity is expressed. A visual manipulation similar to those described above, where prisms cause displacement of the visual field, and which leads to adaptive changes in ITD tuning at higher levels in the forebrain, had no effect on thalamic ITD tuning. The results demonstrate that, during the juvenile period, auditory experience shapes neuronal response properties in the thalamus in a frequency-specific manner.
The plasticity in the auditory thalamus was not a result of the plasticity that is known to occur in the space map (DeBello, Feldman, and Knudsen 2001; Feldman and Knudsen 1998; Zheng and Knudsen 1999) . Experience with prism spectacles causes large adaptive changes in ITD tuning in the space map. In contrast, experience with prism spectacles does not affect ITD tuning in the nOv. Therefore, ITD tuning in the nOv is calibrated independently of ITD tuning in the ICX. This is consistent with the failure of anatomic studies to find connections from the ICX to the nOv (Cohen, Miller, and Knudsen 1998; Proctor and Konishi 1997) and with previous results, indicating that these two pathways analyze and interpret sound localization cues in parallel (Cohen, Miller, and Knudsen 1998; Knudsen and Knudsen 1996; Wagner 1993 ).
Development of sound localization in mammals
The barn owl is not the only animal to show experience dependent plasticity of its auditory maps. Ferrets raised and tested with one ear plugged learned to localize as accurately as control animals, which is consistent with previous findings that the representation of auditory space in the midbrain can accommodate abnormal sensory cues during development. Adaptive changes in behavior are also observed in adults, particularly if they were provided with regular practice in the localization task. Together, these findings suggest that the neural circuits responsible for sound localization can be recalibrated throughout life (King et al. 2001) .
Work in ferrets also shows that instructive visual signals guide the development of an auditory map (Doubell et al. 2000; King, Schnupp, and Thompson 1998) . The neural substrates are not identical, although similar algorithms apply. Projections from the superficial layers of the superior colliculus provide the source of visual signals to guide the development of the auditory space map in the deeper layers of the superior colliculus. Lesions of visual map in young ferrets lead to degraded auditory representations, while equivalent lesions in adult ferrets did not alter the topographic order in the auditory representation, suggesting that visual activity in these layers may be involved in aligning the different sensory maps in the developing superior colliculus. Additional evidence comes from experiments in which surgical deviation of one eye in infancy leads to a compensatory shift in the auditory representation in the opposite superior colliculus, thereby preserving the alignment of the two maps (King et al. 1988 ).
Developmental sharpening of spatial tuning is also found in auditory cortex, but appear to depend largely on the maturation of the head and ears (Mrsic-Flogel, Schnupp, and King 2003) . In young ferrets, spatial response fields of cortical neurons were broader, and transmitted less information about stimulus direction, than in older ferrets. However, when infant neurons were stimulated through virtual ears of adults, the spatial receptive field sharpened significantly and the amount of transmitted information increased. Thus the sharpening of spatial tuning in auditory cortex may depend on peripheral rather than by central factors (Mrsic-Flogel, Schnupp, and King 2003).
Summary
Developmental studies in barn owls have revealed anatomical and pharmacological changes correlated with experience dependent plasticity. The major results of developmental studies, largely from the Knudsen lab, have shown an inherent advantage of innate neuronal connections over connections that are acquired with learning, a decline in learning with age, and an increased capacity for learning in adults that have had appropriate experience as juveniles (Knudsen 2002).
